ABSTRACT -The Coastal Systems Station (COASTSYSTA) designed, i n s t a l l e d , and s t a r t e d up on 20 January 1990, a state-of-the-art stand-alone photovoltaic powered impressed current cathodic protection system (PVCPSYS) not requiring any backup power f o r steel and i r o n submerged s t r u c t u r e s .
photovoltaic/ultracapacitor (or equivalent) combined power source operating under adverse conditions, and/or t o s a t i s f y o r meet regulat i o n s w i l l assure cathodic protection, including pipelines carrying combustibles o r other products t h a t could otherwise c r e a t e environmental problems. Patents are pending on t h i s PVCPSYS and t h e photovoltaic/ ultracapacitor powered systems. enhance t h e system' s capability.
A
The o b j e c t i v e oE t h e i n i t i a l p r o j e c t was t o s u c c e s s f u l l y d e m o n s t r a t e t h a t renewable e n e r g y c a n e f f i c i e n t l y and e c o n o m i c a l l y r e p l a c e , o r be u s e d i n s t e a d o f , c o n t i n u o u s non-renewable power s o u r c e s .
An o p p o r t u n i t y t o c l e a r l y show t h a t p h o t o v o l t a i c power i s p r a c t i c a l and r e l i a b l e was t h e r e s u l t of a recommendation t o p r o v i d e c a t h o d i c p r o t e c t i o n t o t h e Naval D i v i n g and
S a l v a g e T r a i n i n g C e n t e r b u l k h e a d .
The COASTSYSTA i n Panama C i t y ,
F l o r i d a , h a s broken new ground i n t h e a p p l i c a t i o n of s o l a r e n e r g y f o r c a t h o d i c p r o t e c t i o n . P h o t o v o l t a i c a r r a y s w i t h o u t
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U.S. Government work not protected by U.S. copyright b a t t e r y backup have been c o n n e c t e d t o t h e 775-foot s t e e l s h e e t p i l i n g of a dock b u l k h e a d v i a a c a t h o d i c p r o t e c t i o n s y s t e m t o p r e v e n t c o r r o s i o n on t h a t s t e e l s t r u c t u r e i n a s a l t w a t e r env i r onmen t .
A s t h e name s i g n i f i e s , c a t h o d i c p r o t e c t i o n i s t h e p r o c e s s by which, i n t h e COASTSYSTA i m p r e s s e d c u r r e n t t y p e a p p l i c a t i o n , t h e e n t i r e s t e e l s h e e t p i l i n g i s t r a n s f o r m e d i n t o a c a t h o d e v i a a series of anodes mounted i n PVC s t a n d o f f r a c k s , i n t h e w a t e r , n e x t t o t h e p i l i n g . When d i r e c t c u r r e n t (DC) e n e r g y i s a p p l i e d t o t h e anodes and s u f f i c i e n t e l e c t r i c a l p o t e n t i a l i s a t t a i n e d by c u r r e n t flow from t h e anodes v i a an e l e c t r o l y t e ( s e a w a t e r ) t o t h e p i l i n g , t h e c o r r o s i o n i s t r a n s f e r r e d t o t h e anodes, p r e v e n t i n g p i l i n g c o r r o s i o n . M r .
Wally
Muehl, e l e c t r i c a l / m e c h a n i c a l e n g i n e e r a t COASTSYSTA, was e v a l u a t i n g power s o u r c e s t o p r o t e c t t h e Naval D i v i n g and S a l v a g e T r a i n i n g C e n t e r b u l k h e a d when he f o c u s e d on photov o l t a i c s . Although t h e r e w e r e 1 0 o t h e r i m p r e s s e d c u r r e n t c a t h o d i c p r o t e c t i o n systems i n s t a l l e d on t h e docks, a l l w e r e powered by a c o n t i n u o u s power s o u r c e w i t h t h e c u r r e n t r e c t i f i e d t o DC.
O f t h e s e 1 0 systems, 5 w e r e down from 1 t o 1 -1 / 2 y e a r s and 3 w e r e down f o r more t h a n 2 y e a r s due t o r e c t i f i e r f a i l u r e s a n d / o r t h e power s o u r c e s e c u r e d due t o c o n s t r u c t i o n . The Naval D i v i n g and S a l v a g e T r a i n i n g C e n t e r i s i n a s e p a r a t e l o c a t i o n from t h e s e docks, and it was d e t e r m i n e d t h a t power was n o t r e a d i l y a v a i l a b l e and would b e e x p e n s i v e t o p r o v i d e r e c t i f i e r s on t h e dock due t o t h e dock c o n f i g u r a t i o n . R e c t i f i e r s would a l s o p o s e a s a f e t y h a z a r d on t h e p r o t e c t i o n was p r o v i d e d .
PVCPSYS' s
First WCPEC; Dec. 5-9, 1994; Hawaii dock t h a t i s r e g u l a r l y u s e d f o r d i v e r a n d s a l v a g e t r a i n i n g . T h i s b u l k h e a d was 1 2 -y e a r s o l d and o t h e r t h a n t h e i n i t i a l c o a t i n g , r e c e i v e d no c o r r o s i o n p r o t e c t i o n . M r . Muehl d e v e l o p e d a s t a t e -o ft h e -a r t s o l a r powered i m p r e s s e d c u r r e n t c a t h o d i c p r o t e c t i o n s y s t e m r e q u i r i n g no b a t t e r y backup power f o r submerged s t e e l and i r o n t y p e s t r u c t u r e s .
I n n o v a t i o n s i n d e s i g n and method of o p e r a t i o n p e rm i t s t h e p h o t o v o l t a i c a r r a y s t o e a s i l y p r o v i d e a n d m a i n t a i n complete c o n t i n u o u s c o r r o s i o n p r o t e c t i o n w i t h o u t t h e n e c e s s i t y of DC power backup such a s b a t t e r i e s .
B a t t e r y backup power i s c o n s i d e r e d c o s t l y and an e n v i r o n m e n t a l problem. To d a t e , a l l i m p r e s s e d c u r r e n t systems r e q u i r e a c o n t i n u o u s DC power s u p p l y
i n o r d e r t o p r o v i d e c a t h o d i c p r o t e c t i o n .
The COASTSYSTA p h o t o v o l t a i c power s y s t e m i s a f i x e d -a x i s system which i s s u i t a b l e f o r t h e Panama C i t y l a t i t u d e of 3Oo1OfN, 8 5 " Z Z ' W .
The t i l t of t h e a d j u s t a b l e a r r a y s was s e t a t l a t i t u d e i n s t e a d of t 1 5 O i n J a n u a r y 1 9 9 0 , and h a s n o t been changed.
T h i s i s a good i n d i c a t i o n t h a t o t h e r a r e a s w i t h good d i s t r i b u t i o n , b u t lower i n s o l a t i o n l e v e l s , would be e x c e l l e n t p r o s p e c t s f o r a s i m i l a r t y p e of p h o t o v o l t a i c powered s y s t e m . F o r h i g h e r l a t i t u d e s , t h e r e a r e s e v e r a l o t h e r o p t i o n s t o improve s y s t e m performance w i t h o u t b a t t e r y backup.
These i n c l u d e o n e -a x i s e a s t / w e s t t r a c k i n g , t w o -a x i s n o r t h / s o u t h , e a s t / w e s t t r a c k i n g , o r s i m p l y a d d i n g a module o r two t o m e e t t h e a d d i t i o n a l c u r r e n t r e q u i r e m e n t s .
Note: I n t h e N o r t h e r n Hemisphere, t r u e s o u t h s h o u l d be u s e d i n t h e d e s i g n , n o t m a g n e t i c s o u t h .
I n most a r e a s , t h i s v a r i e s from t h e m a g n e t i c s o u t h g i v e n by a compass. Magnetic v a r i a t i o n c o u l d b e s u b s t a n t i a l and can be d e t e r m i n e d from a i s o g o n i c map.
T h i s i s g i v e n i n degrees e a s t o r w e s t of m a g n e t i c s o u t h .
Two o t h e r problems had t o b e c o n s i d e r e d and r e s o l v e d i n o r d e r t o i n s t a l l a n i m p r e s s e d c u r r e n t c a t h o d i c p r o t e c t i o n s y s t e m .
T h e f i r s t p r o b l e m was e n s u r i n g t h a t t h e s t e e l p i l i n g had e l e c t r i c a l c o n t i n u i t y . Another problem was p r o v i d i n g s u f f i c i e n t i m p r e s s i o n of c u r r e n t " c a r r y o v e r " t o overcome a 1 5 5 -f o o t s e c t i o n of p i l i n g t h a t had t o b e bypassed, a n d p r o v i d e c a t h o d i c p r o t e ct i o n , w i t h o u t anode placement i n t h e a r e a h a v i n g a w a t e r d e p t h of 2 7 f e e t where d i v i n g t a k e s p l a c e . Both problems w e r e overcome i n t h e d e s i g n .
To f a c i l i t a t e t h e u s e of a photov o l t a i c powered c a t h o d i c p r o t e c t i o n s y s t e m w i t h o u t b a t t e r y backup, t h e s t e e l s h e e t p i l i n g s were p r o v i d e d a n i n i t i a l
one-time o n l y p r e c o n d i t i o n i n g p o l a r i z at i o n f o r a p r e d e t e r m i n e d c o n t i n u o u s t i m e p e r i o d t o t h e e x t e n t t h a t t h e s e p i l i n g s w e r e i n i t i a l l y p o l a r i z e d t o a r e l a t i v e l y h i g h n e g a t i v e p o t e n t i a l by a temporary DC power s o u r c e . The p h o t o v o l t a i c power s y s t e m was p r o v i d e d w i t h b l o c k i n g d i o d e s t o p r e v e n t any p o s s i b i l i t y of c u r r e n t r e v e r s a l . I t i s t o be n o t e d t h a t poss i b l e e v o l u t i o n of a p r o t e c t i v e hydrogen f i l m i s m e r e l y a by-product of t h e p r ec o n d i t i o n i n g p o l a r i z a t i o n a t t h e h i g h e r n e g a t i v e p o t e n t i a l s . A d d i t i o n a l l y , depending upon t h e environment a n d i f h i g h e r (more n e g a t i v e ) p o l a r i z e d p o t e n t i a l s c o u l d be m a i n t a i n e d o t h e r t h a n r e q u i r e d t o p r o v i d e b a s i c complete c a t h o d i c p r o t e c t i o n , f o r m a t i o n of t h i c k e r c a l c a r e o u s d e p o s i t s h a v i n g p r o t e c t i v e v a l u e o v e r a p e r i o d of t i m e c o u l d o c c u r .
The i n i t i a l DC power f o r p o l a r i z a t i o n c a n be p r o v i d e d by a DC power s o u r c e s u c h a s a p o r t a b l e , motord r i v e n DC welder o r g e n e r a t o r .
The
COASTSYSTA PVCPSYS t e s t s performed, a l o n g w i t h o t h e r d a t a o b t a i n e d , p r o v i d e a f u r t h e r e x p l a n a t i o n t h a t t h e a n o d e / s e a w a t e r / c a t h o d e p i l i n g s t r u c t u r e a c t s l i k e a b a t t e r y , a n d when a l l o w e d t o rest t h e p o l a r i t y l e v e l rec o v e r s and i s e l e c t r o c h e m i c a l i n n a t u r e . An e l e c t r o c h e m i c a l l e a d / a c i d b a t t e r y , f o r example,
can r e c o v e r c h a r g e i f a l l o w e d t o rest a f t e r s e r v i n g a l o a d .
The e l e c t r o c h e m i c a l r e a c t i o n r e v e r s e s s l i g h t l y when t h e l o a d i s d i s c o n n e c t e d ; however, a c a p a c i t o r w i t h o u t a n e x t e r n a l c u r r e n t s o u r c e c a n n o t r e c o v e r b y s i m p l y removing t h e l o a d . I t i s b e l i e v e d t h a t t h e one-time o n l y i n i t i a l p r e c o n d i t i o ni n g p o l a r i z a t i o n ( c o n t r o l l e d c o n d i t i o n s ) of t h e s t r u c t u r e embeds s i n g l e hydrogen atoms i n t h e s t e e l s h e e t p i l i n g t h a t c a n a l s o m i g r a t e and d i f f u s e i n t h e s t r u ct u r e . T h i s s y s t e m d e l a y s t h e d e c a y of t h e n e g a t i v e p o t e n t i a l a n d p e r m i t s t h e p h o t o v o l t a i c a r r a y s t o s u p p l y s u f f i c i e n t p o w e r ; t h u s a l l o w i n g t h e s y s t e m t o e a s i l y p r o v i d e complete, c o n t i n u o u s c a t h o d i c c o r r o s i o n p r o t e c t i o n i n s i t u at i o n s which i n c l u d e c l o u d y , o v e r c a s t , r a i n y a n d n i g h t t i m e c o n d i t i o n s w i t h o u t t h e n e c e s s i t y f o r DC power backup s u c h a s b a t t e r i e s . R e : The Hydrogen Program Manager f o r t h e N a t i o n a l Renewable Energy L a b o r a t o r y (NREL) h a s reviewed o u r PVCPSYS d a t a , and a l s o believes t h a t p r e -p o l a r i z a t i o n ( c o n t r o l l e d c o n d i t i o n s )
i n a s i m i l a r environment c a n embed s i n g l e hydrogen atoms i n t h e m i l d s t e e l p i l i n g t h a t c a n a l s o m i g r a t e and d i f f u s e i n t h e s t r u c t u r e .
The f o r e g o i n g n o v e l method and s y s t e m of a one-time o n l y p r e c o n d i t i o ni n g o r p r e p o l a r i z a t i o n of t h e s t r u c t u r e p r i o r t o e n e r g i z i n g t h e p h o t o v o l t a i c s o l a r a r r a y o n -l i n e w i t h t h e system, p r o v i d e s a r e l a t i v e l y h i g h e r n e g a t i v e p o t e n t i a l t h a t h a s a slow r a t e of d e c a y . T h i s p e r m i t s t h e u s e of r e g u l a t e d photov o l t a i c s o l a r e n e r g y w i t h e x c e s s a v a i l a b l e power, a n d
An a n a l o g y may be t h a t t h e s t e e l s t r u c t u r e becomes v e r y e f f e c t i v e l y p o l a r i z e d arid remains so by t h e v a r i a b l e DC c h a r g e a f f e c t p r o v i d e d by t h e s i m p l e s o l a r a r r a y system, much l i k e a p i e c e of s t e e l o r i r o n can become magnetized by t h e a p p l i c a t i o n of a DC e l e c t r i c a l c u r r e n t .
The i n s t a l l a t i o n , s t a r t up, a n d c o n t i n u i n g o p e r a t i o n , i m c l u d i n g underw a t e r i n s p e c t i o n s , a r e w e l l documented t o d a t e by COASTSYSTA and v e r i f i e d on s i t e , d u r i n g t h e day a n d a t n i g h t b y t h e
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Corps of E n g i n e e r s , C o n s t r u c t i o n E n g i n e e r i n g Research L a b o r a t o r y , Naval Energy Program O f f i c e , and members of t h e DOD P h o t o v o l t a i c Review Committee.
According t o t h e N a t i o n a l Weather S e r v i c e , t h e a v e r a g e amount of a v a i l a b l e s u n s h i n e f o r t h e t h r e e weeks p r i o r t o v i s i t s by t h e s e o r g a n i z a t i o n s a v e r a g e d 24 p e r c e n t .
I n 1985, t h e e s t i m a t e d c o s t of a c o n v e n t i o n a l c a t h o d i c p r o t e c t i o n s y s t e m r e q u i r i n g
c o n t i n u o u s DC power was $ 7 5 , 0 0 0 . 0 0 .
I n 1 9 9 0 , t h e e s t i m a t e d c o s t was $108,000.00.
The PVCPSYS c o s t a t c o n t r a c t c o m p l e t i o n was $61,316.00, complete and r e a d y t o u s e . The i n i t i a l c o s t s a v i n g s by i n s t a l l i n g a PVCPSYS was i n e x c e s s of $46,000.00.
The DOD Photov o l t a i c Review Committee and Sandia N a t i o n a l L a b o r a t o r i e s c o n s i d e r t h i s s u c c e s s f u l a n d c o s t e f f e c t i v e s y s t e m a major advance f o r t h e a p p l i c a t i o n of p h o t o v o l t a i c s .
T h i s s y s t e m h a s been i n o p e r a t i o n o v e r f i v e y e a r s a n d h a s n o t r e q u i r e d maintenance o r a d j u s t m e n t . A p a t e n t i s pending on t h e new t e c h n o l o g y . Along w i t h o t h e r c a p a b i l i t i e s t h i s s y s t e m w i l l s i m u l t a n eo u s l y m o n i t o r , r e p o r t , a n a l y z e , a n d r e c o r d t h e s o l a r e n e r g y o u t p u t i n DC v o l t s , DC amps, a s w e l l a s t h e DC n e g a t i v e p o t e n t i a l of t h e s t e e l s h e e t p i l i n g .
When r e q u i r e d a r e c e n t h i g h -t e c h development u l t r a c a p a c i t o r o r e q u i v a l e n t t h a t i s a l s o e n v i r o n m e n t a l l y c l e a n w i l l b e i n c o r p o r a t e d i n t o t h e PVCPSYS t o enhance t h e s y s t e m ' s c a p a b i l i t y . E l e c t r i c C o r p o r a t i o n a c q u i r e d t h e r i g h t s t o m a n u f a c t u r e t h e u l t r a c a p a c i t o r and h a s e x p r e s s e d a n i n t e r e s t i n t h e c o m b i n e d P V C P / u l t r a c a p a c i t o r system. The u l t r a c a p a c i t o r t e c h n o l o g y d e v e l o p e d o v e r t h e p a s t 1 2 y e a r s by P i n n a c l e Research I n s t i t u t e , I n c . ( P R I ) , p r o v i d e s b o t h h i g h e n e r g y and power. The c a p a c i t o r b r e a k s a l l paradigms a s s o c i a t e d w i t h c o n v e n t i o n a l b a t t e r i e s a n d c a p a c i t o r s . The u l t r a c a p a c i t o r h a s no c o n v e n t i o n a l d i e l e c t r i c .
U n l i k e b a t t e r i e s t h e r e i s no chemical r e a c t i o n ; t h e r e f o r e , t h e u l t r a c a p a c i t o r c a n be d i s c h a r g e d and r a p i d l y r e c h a r g e d by p h o t o v o l t a i c power f o r an i n d e f i n i t e number of t i m e s .
( T e s t i n g by U . S . DOE c o n f i r m s o v e r 1 2 0 , 0 0 0 c y c l e s of o p e r a t i o n ) . F u r t h e r , i t ' s s p o n g e -l i k e s u r f a c e g i v e s t h e p l a t e a n a c t u a l s u r f a c e a r e a t h a t i s 1 0 0 , 0 0 0 t i m e s g r e a t e r t h a n t h e same s u r f a c e of t h e same p l a t e i f it w e r e smooth. The h i g h e r s u r f a c e a r e a a l l o w s more e n e r g y
